We describe a general liquid-phase method to exfoliate layered compounds to give monoand few-layer flakes in large quantities. TMDs consist of hexagonal layers of metal atoms, M, sandwiched between two layers of chalcogen atoms, X, with stoichiometry MX 2 . While the bonding within these tri-layer sheets is covalent, adjacent sheets stack via van der Waals interactions to form a 3D crystal. TMDs occur in more than 40 different types (2, 3) depending on the combination of chalcogen (S, Se or Te) and transition metal(3). Depending on the co-ordination and oxidation state of the metal atoms, TMDs can be metallic, semi-metallic or semiconducting(2, 3), e.g. WS 2 is a semiconductor while NbSe 2 is a metal(3). In addition, superconductivity(4) and charge density wave effects(5) have been observed in some TMDs. This versatility makes them potentially useful in many areas of electronics.
Layered materials represent a diverse and largely untapped source of 2-dimensional (2D) systems with exotic electronic properties and high specific surface areas that are important for sensing, catalysis and energy storage applications. While graphene is the most well-known layered material, transition metal dichalcogenides (TMDs), transition metal oxides (TMOs) and other 2D compounds such as BN, Bi 2 Te 3 and Bi 2 Se 3 are also important. The latter materials are of particular interest as topological insulators and thermoelectric materials(1). However, development of these materials has been hampered by the lack of a simple method to exfoliate them to give mono-or few-layer flakes in large quantities.
TMDs consist of hexagonal layers of metal atoms, M, sandwiched between two layers of chalcogen atoms, X, with stoichiometry MX 2 . While the bonding within these tri-layer sheets is covalent, adjacent sheets stack via van der Waals interactions to form a 3D crystal. TMDs occur in more than 40 different types (2, 3) depending on the combination of chalcogen (S, Se or Te) and transition metal (3) . Depending on the co-ordination and oxidation state of the metal atoms, TMDs can be metallic, semi-metallic or semiconducting (2, 3) , e.g. WS 2 is a semiconductor while NbSe 2 is a metal(3). In addition, superconductivity(4) and charge density wave effects(5) have been observed in some TMDs. This versatility makes them potentially useful in many areas of electronics.
However, like graphene(6), layered materials must be exfoliated to fulfil their full potential. For example, films of exfoliated Bi 2 Te 3 should display enhanced thermoelectric efficiency by suppression of thermal conductivity (7) . Exfoliation of 2D topological insulators such as Bi 2 Te 3 and Bi 2 Se 3 would reduce residual bulk conductance, highlighting surface effects. In addition, we can expect changes in electronic properties as the number of layers is reduced e.g. the indirect bandgap of bulk MoS 2 becomes direct in few-layer flakes (8) . Although exfoliation can be achieved mechanically on a small scale (9, 10) , liquid phase exfoliation methods are required for many applications (11) .
Critically, a simple liquid exfoliation method would allow the formation of novel hybrid and composite materials. While TMDs can be chemically exfoliated in liquids (12) (13) (14) , this method is time consuming, extremely sensitive to the environment and incompatible with most solvents.
We demonstrate exfoliation of bulk TMD crystals in common solvents to give mono-and few layer nano-sheets. This method is insensitive to air and water and can potentially be scaled up to give large quantities of exfoliated material. In addition, we show that this procedure allows the formation of hybrid films with enhanced properties.
We initially sonicated commercial MoS 2 , WS 2 and BN (15, 16) within the framework of Hansen solubility parameter theory (19) , shows successful solvents to be those with dispersive, polar and H-bonding components of the cohesive energy density within certain well-defined ranges (Section S4, Figs. S2-S3). This can be interpreted to mean that successful solvents are those which minimise the energy of exfoliation. Importantly, this information will facilitate the search for new solvents and the development of solvent blends. Some of the more promising solvents were N-methylpyrrolidone (NMP) and isopropanol (IPA)(see Table S1 for full solvent list).
Optimization of the dispersion procedure (Section S5), gave concentrations as high as 0.3 mg/ml for MoS 2 , 0.15 mg/ml for WS 2 (both in NMP) and 0.06 mg/ml for BN (IPA).
Photographs of typical dispersions, which are stable over periods of 100s of hours (Section S8, Fig. S13 ), are shown in Fig. 1D . Optical absorption spectra (Fig. 1E) show features expected for MoS 2 and WS 2 (20, 21) . In addition, a band edge at ~5 eV is clearly observed for dispersed BN. However, the spectra appear to be superimposed on a background, possibly due to scattering (Section S6, Fig. S4 ). A/l scaled linearly with concentration for all samples, allowing calculation of α values (Fig. 1F) .
We performed TEM analysis on our dispersions, typically observing 2D flakes consisting of thin nanosheets. Examples of very thin sheets observed for all three materials are shown in Fig. 2A-C . The lateral size of these objects was typically 50-1000 nm for MoS 2 and WS 2 and 100-5000 nm for BN. (Section S7, Figs. S5-S12). We can examine these objects in more detail using aberration corrected TEM (Figs. 2D-F) . These images and associated Fourier transforms illustrate the hexagonal symmetry of these materials. This is in contrast to reports on MoS 2 and WS 2 exfoliated by lithium intercalation which results in significant deviation from hexagonal structure (22) (23) (24) . (27) to >100 µW/K 2 m for WS 2 /SWNT films (Fig. 3G , Section S10).
Solvent processing greatly simplifies composite preparation (28) (29) (30) (31) , allowing us to prepare composites of polyurethane filled with BN, MoS 2 and WS 2 . We observed significant levels of reinforcement, comparable to the best results achieved using graphene (32) or nanoclays(33) as fillers (Figs. 3H, S19 and S20).
Exfoliated flakes can be deposited on substrates by spraying. Shown in Fig. 4A and B are an SEM and an AFM image of a silicon wafer spraycoated with MoS 2 . The objects observed are hundreds of nm wide in agreement with the TEM data (25) . We can confirm the flakes consist of MoS 2 by Raman mapping (Fig. 4C) , based on the individual flake spectrum shown in Fig. 4D . We note that the peak positions (25, 34) in Electrical characterisation of individual flakes shows n-type field-effect behaviour characterised by mobilities of ~0.01 cm 2 /Vs (9, 10), rather lower than observed for mechanically exfoliated MoS 2 flakes (Section S11). 
